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CIRCUITRY TO REDUCE PLL LOCK ACQUISITION TIME 



CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application claims the benefit of U.S. Provisional Patent Application 
Serial No. 60/447,423, which was filed on 02/14/2003, of common title, inventorship and 
ownership, and which provisional application is hereby incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to a digital phase lock loop. More particularly it relates to a 
phase lock loop in which the effective loop gain and bandwidths are varied in accordance 
with the frequency/phase error. 

Background Information 

The invention is directed to digital phase lock loops commonly incorporated in 
large-scale integrated circuits. The operations performed by these circuits are synchro- 
nized to the output of a local clock and the clock in turn is often synchronized to an ex- 
ternal reference clock so as to synchronize the operations of the circuit to those of other 
devices in a system that includes the circuit. To accomplish the latter synchronization the 
local clock is configured as a voltage-controlled oscillator (VCO) whose output is com- 
pared with the external reference signal in a frequency/phase detector. The output of the 
detector is an error signal that is applied to a low-pass filter that serves as an error inte- 
grator. The output of the filter drives the VCO. 

The bandwidth (and the related time constant) of the filter is often a compromise 
between two conflicting requirements. Specifically, when the frequency/phase error of 
the local oscillator is large, a short filter time constant is desirable so that the filter output 
rapidly reflects changes in the error signal, thereby facilitating rapid adjustment (or ac- 
quisition) of the oscillator frequency with respect to the reference signal. On the other 
hand, when the oscillator output is close to the frequency and phase of the reference, a 
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long time constant is desirable in order to provide loop stability and immunity from noise 
and other short-term perturbations. 

It has been suggested that the filter bandwidth can be changed in accordance with 
the magnitude of the frequency/phase error. Specifically, different resistors or capacitors 
can be switched into or out of the filter to provide a large or narrow bandwidth or narrow 
bandwidth as desired. However, the switching of components into and out of the filter 
circuit is a source of undesirable noise in the filter output, resulting from the sudden 
change in filter parameters perturbations and noise coupled through the typically used 
MOSFET switch that connects or disconnects these components. 

Other prior art attempts may be found in U.S. patent nos.: 6,504,437 ('437); 
6,476,681 0681); 5,942,949 ('949); and 5,675,292 ('292). The '437 patent is entitled, 
"Low-noise Fast Lock Loop with Gearshifting Control," and discloses switching filter 
components. The '681 patent is entitled, "Adjustable Bandwidth PLL with Fast Settling 
Time," and switches in additional filter components. The '949 patent is entitled, "Self 
Calibrating PLL with Auto Trim Operations for Selecting Oscillator Operative Curve," 
and discloses changing the VCO gains along with filter components. The '292 patent is 
entitled, "PLL Enabling Smooth Loop Bandwidth Switching over a Wide Range," and 
also switched filter components that change current sources into voltage sources to con- 
trol bandwidth. These U.S. patents are incorporated herein by reference. 

It is an objective of the present invention to provide for a fast acquisition lock of 
the VCO to a references frequency signal without compromising system stability or in- 
troducing switching noise. 

It will be appreciated by those skilled in the art that although the following De- 
tailed Description will proceed with reference being made to illustrative embodiments, 
the drawings, and methods of use, the present invention is not intended to be limited to 
these embodiments and methods of use. Rather, the present invention is of broad scope 
and is intended to be defined as only set forth in the accompanying claims. 
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SUMMARY OF THE INVENTION 

In view of the foregoing background discussion, the present invention provides a 
phase lock loop employing multiple charge pumps, connected in parallel, to supply the 
input current of the low-pass filter in the PLL loop. When the magnitude of the oscillator 
frequency/phase error is large, all of the charge pumps are enabled driving reasonably 
high currents into the low pass filter, resulting in a relatively high loop gain. This pro- 
vides a high slew rate for the oscillator control voltage to rapidly change the VCO output 
frequency to decrease the frequency/phase error and therefore provide a rapid frequency 
acquisition lock. As the error decreases, successive charge pumps are disabled until, with 
minimal error only a single pump supplies current to the filter. With this arrangement a 
filter with a fixed, narrow bandwidth can be used to provide both a fast loop response 
when the error is large and a slow response when the oscillator phase closely tracks the 
reference signal and any errors are small. 

Advantageously, the noise that is characteristic of phase lock loops in which filter 
components are switched into and out of the circuit is materially reduced by the present 
invention. Specifically, the noise involved in switching from one loop gain to another as 
the charge pumps are enabled or disabled is generated on the input side of the filter rather 
than within the filter itself. In such an instance, the switching noise generated is subject 
to and thus attenuated by the filter itself. Additionally, the outputs of the charge pump 
are typically three stated, and , so, when switched in or out do not carry a significant 
charge that would produce switching noise. The present invention virtually eliminates 
switching perturbations compared to those caused by switching filter components into 
and out of the circuit. 

It will be appreciated by those skilled in the art that although the following De- 
tailed Description will proceed with reference being made to illustrative embodiments, 
the drawings, and methods of use, the present invention is not intended to be limited to 
these embodiments and methods of use. Rather, the present invention is of broad scope 
and is intended to be defined as only set forth in the accompanying claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



The invention description below refers to the accompanying drawings, of which: 

Fig. 1 is a schematic diagram of a phase lock embodying the invention; 

Fig. 2 is a diagram of a lock detection unit used in the phase lock loop; 

Fig. 3 is a functional schematic of the charge pumps; 

Fig. 4 is a schematic of a charge pump used in the phase lock loop; and 

Fig. 5 is a schematic of the reference current unit. 

DETAILED DESCRIPTION OF AN ILLUSTRATIVE 

EMBODIMENT 

As shown in FIG. 1, a phase lock loop incorporating the invention includes a volt- 
age-controlled oscillator (VCO) 10 whose output is to be phase-locked to a reference sig- 
nal from a reference source 12. The output of the VCO 10 is applied to a frequency di- 
vider 14 whose output, in turn, is applied to the phase detector 16 that compares the fre- 
quency and phase of the divider 14 output with the frequency and phase of the reference 
signal 12. The output of detector 16 is an error signal, in this case separate UP and 
DOWN signals, that cause charge pumps 18, 20, 22 and any others 21 to deliver charge 
to, or remove charge from, a lower pass filter (LPF) 24. The output of the LPF 24 drives 
the VCO 10. 

The circuit details of the phase detector, the low pass filter and the VCO are well 
known in the art and will be left in block form. For more information on these blocks 
see, for example, virtually any application note on the subject from many sources and the 
prior U.S. patents cited above. The details of the charge pumps, the lock detector and the 
current reference units are more fully described below. 

More specifically, the detector 16 asserts an UP or DOWN signal depending on 
whether the oscillator frequency is to be increased or decreased order to decrease the fre- 
quency/phase error of the oscillator 10. These signals are binary inverses of each other 
and periodic having the frequency of the reference signal and duty cycles that depend on 
the magnitude of the phase error. 
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The charge pumps 18-22 are essentially constant-current sources. When enabled, 
each of the charge pumps delivers current to the filter 24, the direction of the current, de- 
pending on whether the charge pump receives an UP signal or a DOWN signal from the 
phase detector 16. The magnitude of the output current of each charge pump is governed 
by an IREF signal provided by a current reference unit (CRU) 26. The CRU 26 may pro- 
vide the same reference signal to all of the charge pumps or, as shown in FIG. 1, provide 
different reference signals to some or all of the charge pumps, depending on the desired 
characteristics of the phase lock loop. When the same signal IREF is fed to all charge 
pumps the circuitry, typically CMOS, is scaled to provide the desired currents from the 
charge pumps. Such scaling, typically of CMOS current mirror channel widths and 
lengths, is well known in the art. 

In one embodiment, the charge pump 18 is enabled to operate continuously pro- 
viding a very fine lock with respect to the UP and DOWN signals. The charge pumps 20 
and 22, on the other hand, operate only when enabled by a lock detection unit 28 via a 
current reference unit 26. The ellipses 21 indicate that a number of scaled charge pumps 
and lock detector circuits may be employed so that the transition to the locked state oc- 
curs smoothly. The more charge pumps with incrementally scaled currents will provide a 
more smooth transition to a locked state. 

As shown in Fig. 2, the lock detection unit 28 includes an exclusive-or (XOR) 
gate 30 that receives the UP and DOWN signals from the phase detector 16. The output 
of the gate 30 is applied an inverter 3 1 driving a low-pass filter of resistor 32 and shunt 
capacitor 34. The voltage on the capacitor 34 serves as one input to each of the voltage 
comparators 36 and 38. The comparators compare this voltage with the voltages present 
at taps 40a and 40b on the voltage divider 40. The outputs of the comparators 36 and 38 
are applied to the clock input terminals of D type latches (flip flops) 42 and 44, whose 
data inputs are continuously asserted 47. Again there may be other latches and circuitry 
as indicated by the ellipses 49. Also, many other combination of logic circuitry, JK flops, 
AND, OR and NOT gates, etc., may used to achieve comparable results as is well known 
in the art. 
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When the power is first turned on the voltage on the capacitor 34 is zero and nei- 
ther comparators 36 and 38, as arranged, assert an output signal. But, assuming a sub- 
stantial frequency error in the output of the oscillator 10, the UP or the DOWN input to 
the XOR gate 30 will have a 100 percent duty cycle, as will the gate 30 output. The 
inverter 31 will thus supply zero voltage to the low pass filter. The outputs of the latches 
42 and 44 are reset by the power on reset, POR 48, such that the reset output signals L2 
and L3 to the CRU will be high and turn on all the IREF's current sources. These on cur- 
rent sources activate the charge pumps collectively to drive the maximum current avail- 
able, as discussed herein, into the LPF 24 of FIG. 1 . This arrangement provides the high- 
est loop gain for the phase locked loop. 

As the frequency/phase error of the oscillator 10 decreases, the duty cycle of the 
error signal from the phase detector 16 decreases, with a corresponding increase of the 
duty cycle (that is there will be a signal) of the output of the inverter 3 1 and an increase 
in the voltage on the capacitor 34. At a predetermined threshold, the voltage of the ca- 
pacitor will exceed the voltage at voltage divider tap 40a and the comparator 38 will pro- 
vide a clocking input to the latch 44, which will thereby be latched to its ON state. The 
latch reset output will go low and disable the reference current source in the CRU 26 that 
supplies the IREF signal to the charge pump 22, thereby turning off that charge pump. 
Similarly, as the error decreases further, the corresponding increase in voltage on the ca- 
pacitor 34 will cause the comparator 36 to provide a clock input to the latch 42 and 
thereby latch that flip flop to its ON state. The latch 42 reset output will disable another 
current source in the current reference unit to turn off the charge pump 20, thereby leav- 
ing on only charge pump 18 operating at the finest lock condition for the particular cir- 
cuit. 

The foregoing latch arrangement largely immunizes the phase-lock loop from the 
effects of overshoot. With the high loop gain (all multiple charge pumps on) an over- 
shoot may result in a damped oscillation of the VCO output, thereby delaying phase lock. 
Any negative phases of an overshoot may trigger and UP/DOWN reversal that may trig- 
ger the comparators in the LOCK DETECTOR 28. However, the inclusion of the latches 
(42, 44) maintain the state of the latches and therefore of the charge pumps. So the re- 
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duced loop gain is maintained quickly reducing any overshoot. Note that the latches42 
and 44 are optional and only aid in decreasing the lock time. 

The latches 42 and 44 are initially reset by a power-on signal (POR) that is gener- 
ated by a POR circuit 48 when the system is turned on. They are also reset by a signal 
from the comparator 38, if the phase/frequency error of the oscillator 10 exceeds an arbi- 
trary threshold. To accomplish this, the inverted output of the comparator 38 is applied 
to the POR circuit. 

FIG. 3 shows an overview of several charge pumps driving either a positive of a 
negative current into a low pass filter. As evident when all three UPEN1, 2 and 3 are on 
II, IV, and II" will all drive the OUT signal 50. Similar operation when the DNEN1, 2 
and 3 are all on where 12, 12' and 12" will sink current from the OUT signal 50. As the 
error signal is reduced, the enable signals will remove the currents from the OUT signal 
in turn making a smooth transition to a locked state. In a preferred embodiment the 
charge pump supplying the least current (the finest lock state of the PLL) is always on 
supplying or sinking current from the LPF 24 as determined from the UP or DOWN error 
signals. The finest lock state of the PLL indicates the closest match between the feed- 
back signal and the reference signal inputs to the phase detector 16. 

FIG. 4 shows a preferred charge pump circuit where the OUT signal 60 drives the 
low pass filter. In this circuit a single IREF input comes from the CRU 26 that results in 
a positive current 110 or a negative current 120 out to the low pass filter depending on 
whether the UP 60 or DOWN 62 signal is asserted. In this circuit, IREF is mirrored via 
PI and P2 producing IREF.' The input IREF travels through P3. If the transistors in- 
volved are of equal size, IREF is produced as 110 and IREF 5 as 120 at the OUT signal 60. 
As mentioned above, 110 and 120 may be scaled with respect to IREF as well known in 
the art or a different IREF may be input to each charge pump to effect the different cur- 
rents provided to the low pass filter as discussed herein. In one preferred embodiment 
different IREF's are provided as discussed below for the CRU 26. The particular FIG. 4 
charge pump circuitry is representative only and many other circuit configurations, as 
well known in the art, and as found in many technical handbooks from the major manu- 
facturers (see list elsewhere herein), would work . 
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FIG. 5 shows a preferred embodiment of the current reference unit CRU 26 with 
mulitple inputs from the LOCK detector 28 and multiple IREF outputs to the charge 
pumps. In this case, IREF1 goes to the charge pump 18 (FIG. 1) and is always on and 
represents the finest lock state of the PLL. L3 and L2 come from the LOCK 
DETECTOR 28 latches and when positive N10 and N12 transistors are on and IREF3 
and IREF2 are fed to respective charge pumps, 22 and 20 in FIG. 1 . As lock is ap- 
proached, as judged by the charge on the capacitor 34 of the Lock DETECTOR FIG. 2, 
L3 will turn off N10 and disconnect IREF2 - the larger more coarse control current, from 
charge pump 22. As lock becomes even closer L2 will turn off N12 and disconnect 
IREF2 from the charge pump 20. As known in the art, the IREF's current sources may 
be formed from on-biased CMOS transistors with characteristics, e.g. pinch off points, 
representing the different reference currents desired. 

The above preferred embodiment circuitry embodies current references, voltage 
comparators, latches, CMOS transistors, current sources and current mirrors. However, as 
known to those skilled in the art, current comparators, voltage sources, bipolar elements, 
and the like may be used in addition to or replacing the circuit elements shown herein. 
Moreover, digitally controlled circuit elements and a controlling computer and suitable 
software may be substituted for many elements of FIG. 1, including, but not limited to, 
the filters, VCO's, current and voltage reference sources, charge pumps, phase compara- 
tors, lock detectors, charge pumps, etc. 

It should be understood that above-described embodiments are being presented 
herein as examples and that many variations and alternatives thereof are possible. Ac- 
cordingly, the present invention should be viewed broadly as being defined only as set 
forth in the hereinafter appended claims. 

What is claimed is: 
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